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Abstract. Recently, there is a new trend to consider wastewater as a precious resource. Since 
phosphorus is a limited non-renewable element, and MAP (Magnesium Ammonium Phosphate 
- MgNH4PO4.6H2O) is a valuable slow-release fertilizer, the recovery of phosphorous as MAP 
has received special attention from scientists all over the world. However, the application of this 
process with municipal wastewater is still a challenge, due to low concentration of phosphorus 
and high volume of municipal wastewater. This study investigates the potential of reclaiming 
MAP from municipal wastewater by combination of adsorption and crystallization. Soybean 
milk residue (okara) was loaded with Zirconium (Zr) to prepare the adsorbent (ZLO). Adsorption 
and desorption experiments were conducted in a semi-pilot scale ZLO packed colum system. 
Effects of P: N: Mg molar ratios, chemical sources and temperature on the formation of MAP 
were examined in an attempt to identify the optimal crystallization conditions. The attained 
precipitate was characterized using XRD, SEM, FTIR techniques. It was found that the ZLO 
packed column adsorption-desorption system could pre-concentrate phosphorus from municipal 
wastewater up to 28.36 times, fitting well the minimum requirement (50 mg P/L) for the 
economical MAP recovery. Up to 95.19% of dissolved phosphorus in desorption solution was 
recovered at pH = 9, Mg: N: P molar ratio = 2:2:1, using a combination of MgCl2.6H2O and 
NH4Cl. The harvested MAP exhibited high purity (92.59%), high P-availability (89% by mass), 
and extremely low levels of heavy metals. The results prove that it is viable to recover MAP 
from municipal wastewater by employing ZLO as adsorbent, followed by crystallization. This 
paves the way for mining phosphorus from municipal wastewater and reducing okara as an 
agricultural byproduct in a green way. 
1. Introduction 
1.1. The significance of phosphorus removal and recovery 
Phosphorus plays a vital role in the development of living organisms. It is known as one of essential 
elements for the plant growth [1]. It is also a key component of deoxyribonucleic acid (DNA), 
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ribonucleic acid (RNA), adenosine triphosphate (ATP), phospholipids, teeth and bones in animal bodies 
[2]. Additionally, phosphorus is a fundamental material of many principal industries, such as fertilizers, 
detergents, paints, corrosion inhibitors, beverages, and pharmaceuticals [3]. Despite the irreplaceable 
role of phosphorus in the human daily life, the global phosphate rock reserves can be depleted in 50-100 
years [4]. In another perspective, the excessive amount of phosphorus can induce eutrophication in water 
bodies. To protect the surface water from this undesired phenomenon, the phosphorus concentration in 
effluents should range between 0.5 and 1 mg P/L before discharging into aquatic medium [5]. 
Consequently, an appropriate treatment technology is required to meet the stringent regulation [6]. For 
these reasons, the removal and recovery of phosphorus from wastewater have recently become a matter 
of urgency.  
1.2. The potential and challenges of recovering phosphorus from municipal wastewater 
The municipal wastewater can be a potential source for phosphorus recovery, due to the enormous 
volume regenerated worldwide and low levels of hazardous substances. However, the main challenge 
to the phosphorus recovery from municipal wastewater that currently exists is the low concentration of 
phosphorus [7]. It is observed that the concentration of total phosphorus in municipal wastewater is 
varying, such as 4.2 mg/L [8], 4-15 mg/L [9], [10], 8-10 mg/L [5], 10 mg/L [2], [11], [12]. Since 
orthophosphate normally accounts for approximately 50% of the total phosphorus, the concentration of 
orthophosphate in municipal wastewater is usually limited to 15 mg/L [2], [5], [11], [12], [13]. However, 
the phosphorus level of the aqueous solutions above 50 mg P/L is required to ensure an economical 
MAP recovery [14]. Meanwhile, it is well-documented that adsorption has significant advantages that 
can favor phosphorus recovery, such as suitability for the treatment of diluted wastewater, high 
selectivity in presence of foreign anions, high potential of phosphate pre-concentration, and production 
of a reusable phosphorus [15], [16]. Hence, it is assumed that the combination of adsorption and 
crystallization may be a solution for MAP recovery from municipal wastewater. 
1.3. Significance of using agricultural waste/by-products based adsorbents for phosphorus removal 
and recovery  
Agricultural waste/by-products (AWBs) have several properties that make them attractive as the 
substrate for developing phosphorus adsorbents. To begin, AWBs are abundant, low-priced, and non-
toxic. In addition, AWBs usually have chemical stability and high reactivity. Particularly, AWBs have 
appropriate chemical composition (cellulose, hemicelluloses) with a large number of active hydroxyl 
groups. Consequently, AWBs can easily be involved in chemical reactions for the preparation of 
functional groups of adsorbents, for example metal loading, polymerization, graft reaction [17]. It 
provides a foundation for AWBs to be converted into some functional polymers [18]. Specifically, the 
-OH groups can combine with alkoxyamine ligands, and hence enhancing their anion exchange abilities 
[19]. The use of AWBs as phosphorus adsorbents may result in many benefits. Firstly, it can protect 
surface water from eutrophication. Secondly, the recycling of AWBs as phosphate adsorbents not only 
provides a viable solution to reduce waste materials in a cheap and eco-friendly way but also adds value 
to AWBs [4], [20], [21]. In addition, the production of anion exchange resins from abundant, cheap and 
renewable AWBs may help reduce the cost of phosphorus treatment. Moreover, by converting 
phosphorus in wastewater into fertilizers, this practice can generate revenues [22]. Clearly, the use of 
AWBs based adsorbents for phosphorus removal and recovery may provide a sustainable, efficient and 
profitable solution for phosphorus pollution management.  
1.4. Soybean by-product (okara) as a choice medium 
Okara is a byproduct of soy beverage and tofu production. It has a white color and is quite similar to 
wet sawdust in its texture and form. Okara is also named as soybean milk residue, soy pulp, soy fines, 
bean mash, bean curd dreg (English), le okara (French), das okara (German), tofuzha or douzha 
(Chinese), tofukasu (Japanese), bejee (Korean), sepal (Filipino), ampastahu (Indonesian), tauhu tor 
(Thai). Okara was chosen for investigation in this study because it is insoluble in water, non-toxic, cheap, 
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easy acquiring and abundantly available. As a by-product of food processing, okara is clean and can be 
used directly as a water treatment material. Moreover, due to the existence of large amounts of hydroxyl 
and carboxyl groups on its cell walls, okara can easily and efficiently involve in chemical modification 
reactions [18]. Although soybean by-products were used for the adsorption of organochlorine 
compounds, benzene, heavy metals, and reactive dye from aqueous solutions, okara has never been 
investigated for the removal and recovery of phosphorus. 
1.5. Research gaps 
Although phosphorus can be removed from wastewater by a wide range of technologies, there is still 
lack of a process that can not only remove but also recover phosphorus in a sustainable form [23]. To 
date, very little work has been done on the beneficial use of AWBs based adsorbents for phosphorus 
recovery [24]. So far, phosphorus has been successfully recovered from many kinds of phosphorus rich 
wastewater, such as swine wastewater [25], [26], eutrophic water [15], sludge liquor [23], [27], 
membrane concentrate [28]. However, the MAP recovery from desorption solution has rarely been 
tested [29].   
1.6. Objectives of the study 
The goal of this study was to investigate the feasibility of recovering phosphorus as MAP from 
municipal wastewater using adsorption followed by crystallization. To overcome a challenge, which is 
low concentration of phosphorus in municipal wastewater, adsorption test using ZLO was applied to 
pre-concentrate phosphorus in desorption solution in advance. The effect of solution pH, Mg: N: P molar 
ratio, chemical type, and reaction temperature on MAP crystallization was examined. The recovered 
MAP was characterized using XRD, SEM, FTIR, elemental analysis, and P-bioavailability. This 
research is expected to provide a novel and viable technique for reclaiming phosphorus from municipal 
wastewater and reducing soybean waste in an eco-friendly way.  
2. Materials and methods 
2.1. Materials 
2.1.1. Zirconium loaded okara (ZLO) as a phosphorus biosorbent. The fresh okara was collected from 
Nhu Quynh tofu and soy milk workshop, Yagoona, New South Wales, Australia. It was then dried in 
the oven at 105 °C for 24 h for a long use. After being cooled down to the ambient condition, the dried 
okara was kept in plastic bags for chemical treatments.  
Since raw okara could hardly remove phosphate from aqueous solutions, a chemical modification of 
okara was applied to enhance its phosphate removal efficiency. In a previous study, three categories of 
phosphate biosorbents were developed from okara using metal loading method, including iron (Fe3+) 
loaded okara (ILO), iron/zirconium (Fe3+/Zr4+) loaded okara (IZLO) and zirconium loaded okara (ZLO). 
Among three developed biosorbents, ZlO proved to be superior to IZLO and ILO, with respect to 
adsorption, desorption, regeneration and metal leaching [30]. Consequently, ZLO was selected for next 
experiments. The modification method was then further optimized. Three modification conditions were 
tested to evaluate the effect of varying the concentration of NaOH and Zr4+ solutions on the phosphate 
removal efficiency of the biosorbents. Considering the economic and technical feasibility, the 
combination between 0.05 M NaOH and 0.25 M Zr4+ solution was regarded as the optimal modification 
condition. Therefore, ZLO produced at this modification condition will be used in this study. The 
detailed procedure for the development of ZLO can be detected in another technical paper [31]. 
2.1.2. Municipal wastewater. The raw municipal wastewater was sampled from Sydney Olympic Park 
Water Treatment Plant, Australia. After being settled for 24 h, the raw wastewater was screened through 
a 150 µm stainless steel sieve and used for adsorption tests. 
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2.1.3. Chemical reagents. The chemicals used in this work were of analytical grade. The solutions of 
0.05 M and 0.2 M NaOH, 0.1 M HCl and 0.25 M ZrOCl2.8H2O were prepared by liquefying proper 
amounts of sodium hydroxide (NaOH), hydrochloric acid (HCl), and zirconyl chloride octahydrate 
(ZrOCl2.8H2O) in the milli-q water. 
2.2. Methods 
 
Figure 1. The experimental set-up. 
2.2.1. Phosphorus adsorption and elution. The dynamic adsorption test was conducted using a big-scale 
glass column (4.5 cm internal diameter × 120 cm height). The raw municipal wastewater was percolated 
through the column in the upward direction at a flow rate of 53 mL/min using a peristaltic pump 
(Masterflex® Console Drive, Model No. 77521-47, Cole-Parmer Instrument Company). The 
investigation shows that ZLO has a relatively low density (1.15 g/cm3) and a high porosity (68.70%). 
Therefore, ZLO is assumed to be appropriate for being applied in the packed bed column in the upward 
direction. The column was washed every 24 h in the upward direction at a flow rate of 200 mL/min for 
30 min each time to prevent water clogging. The flow was applied in upward direction with the 
conditions that a sieve on the top of the column was taken out in advance. When the water level inside 
the column nearly reached the column outlet, it was withdrawn from the bottom of the column. By that 
way, the ZLO bed moved up and down continuously in the column. The solids were moved to the top 
of the bed and got out of the column with the cleaning water. Consequently, the water clogging was 
improved. To prevent ZLO from getting out of the column, a sieve on a bucket was put at the end of the 
outlet tube. The spilled ZLO was then packed into the column again to ensure the minimal weight loss 
of ZLO. 
The effluent samples were collected at pre-determined intervals in 14 mL plastic tubes for the 
phosphorus analysis. After adsorption, the ZLO bed was rinsed with the tap water at a flow rate of 53 
mL/min for 1 h to remove the residual phosphorus from adsorption test. Then the elution test was carried 
out using 0.2 M NaOH at a flow rate of 13.24 mL/min for 5 h. This flow rate was selected since the test 
demonstrated that it ensured enough contact time between P laden ZLO and elution solution, and thus 
resulting in high desorption efficiency. The effluent samples were collected in a 14 mL plastic tube for 
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measurement of phosphorus and other quality parameters. After desorption, the exhausted ZLO bed was 
taken out of the column, washed with tap water, and activated with 1 L of 0.1 M HCl for 3 h. After 
desorption test, some OH- anions can be left on the surface of ZLO. This may lead to a reduction in the 
PO43- adsorption capacity of ZLO in the next cycle, due to the competition between residual OH- on the 
surface of ZLO and PO43- in aqueous solution for anion binding sites on the surface of ZLO. Washing 
ZLO with tap water enables the removal of residual OH- ions while activating ZLO with 0.1 M HCl 
helps produce the appropriate pH condition for the next adsorption test. After being washed with the tap 
water, the activated ZLO was packed into the column again for the next adsorption cycle.  
The eluted amount of phosphorus (EAP) is calculated by the following equation [32]: 
EAP (mg/g) = (1/m)� 𝐶𝐶𝑞𝑞𝑉𝑉𝑞𝑞
𝑛𝑛2
𝑞𝑞=1
      (1) 
where Cq, Vq, and n2 are the effluent phosphorus concentration, volume of the q-th fraction, and number 
of the last fraction in the desorption experiment. 
2.2.2. MAP crystallization. In this work, a glass 2 L beaker was used as the crystallization reactor in this 
study. The phosphorus source for MAP crystallization in this work was desorption solution. The MAP 
crystallization tests were performed to evaluate the effect of solution pH (9.0, 9.5, and 10.0). Three 
different P: N: Mg molar ratios (1:1:1, 1:1.5:1.5, and 1:2:2) were investigated. In addition, the MAP 
crystallization was evaluated using different chemical sources (NH4Cl + MgCl2.6H2O and (NH4)2SO4 
+ MgSO4.7H2O). The influence of solution temperature (281 and 295 K) on the MAP crystallization 
was also examined. To ensure a steady phosphorus concentration, desorption solution was accumulated 
to an adequately large volume, and then was divided equally. First, desorption solution was vigorously 
stirred at 200 rpm for 0.5 h to remove the dissolved CO2. Second, the pH of desorption solution was 
adjusted to around 8 using H2SO4 98% to prevent NH3 evaporation or Mg precipitation when external 
sources of ammonium and magnesium were added. Third, NH4Cl was added to desorption solution 
before MgCl2.6H2O to avoid the formation of magnesium phosphate. Then, the mixture was agitated at 
120 rpm to dissolve NH4Cl and MgCl2.6H2O entirely. Next, the pH of solution was raised to a desired 
value for MAP crystallization using 5 M NaOH. After that, the mixture was stirred at 120 rpm for 30 
min, followed by settling for another 30 min. The suspension was used for the determination of residual 
PO43-, Mg2+, and NH4+. The suspension was then filtered through 1.2 µm filter paper and the solid was 
washed with milli-q water seven times. Finally, the precipitate was dried in the oven at 40 °C for 24 h. 
2.2.3. Elemental analysis. The elemental analysis of the harvested precipitate was conducted by the 
dissolution method [25], [33]. Accordingly, 0.2 g of the precipitate was dissolved in 10 mL of 32% 
hydrochloric acid and then diluted to 1 L with milli-q water. The mixture was stirred continuously at 
200 rpm for 1 h prior to the analysis of Mg2+, NH4+-N, and PO43--P. 
2.2.4. MAP purity evaluation. In this study, the MAP purity was evaluated by a method adapted from 
[33]. This method also includes two major steps as suggested by [33], which are (1) dissolution of the 
precipitate and (2) elemental analysis of the obtained solution. However, considering the fact that 
ammonium (NH4+) compound used for the crystallization reaction may be left in the harvested 
precipitate, this study suggested that MAP purity be determined according to the minimum molar 
number of MAP components instead of NH4+ molar number as proposed by [33]. 
2.2.5. The P-bioavailability. The P-bioavailability of the recovered precipitate was evaluated by its 
solubility in the 2% citric acid [29]. The solution was prepared by dissolving 0.3 g of the precipitate 
with 100 mL of 2% citric acid in a glass flask. The flask was placed on a flat shaker at a speed of 120 








2.3. Analytical methods and instrumentation 
2.3.1. Characterization of municipal wastewater, desorption solution, and effluent. Phosphate (PO4-P), 
nitrate (NO3-N), and ammonium (NH4-N) parameters were analyzed using Spectroquant NOVA 60, 
Merck (Germany). Magnesium (Mg2+), calcium (Ca2+), zirconium (Zr4+), and heavy metals were 
determined by 4100 MP-AES Spectrometer (Microwave Plasma-Atomic Emission Spectrometry), 
Agilent Technologies (USA). The pH was measured by Hach HQ40d Multi meter. The chemical oxygen 
demand (COD) analysis was carried out with Hach DR/2000 Spectrophotometer. The total suspended 
solids (TSS) were determined in accordance with the standard method. 
2.3.2. Characterization of the precipitate. The crystal structure was characterized by Siemens D5000 X-
ray Diffractometer (XRD). The morphology was examined by Zeiss Evo LS15 SEM (Germany). The 
FTIR pattern was recorded on an IRAffinity-1 Fourier Transform Infrared Spectrophotometer, 
Shimadzu Corporation (Japan).  
3. Results and discussion 
3.1. Phosphorus pre-concentration  
The municipal wastewater used in this study had a mean concentration of 5.5 mg P/L. It was far too low 
when compared to 50 mg P/L, the recommended minimum level for an economical MAP recovery. 
Therefore, this study investigates the phosphorus pre-concentration by adsorption - desorption processes 
in a semi pilot-scale ZLO packed bed column. 
In the adsorption test, a big column (4.5 cm x 120 cm) was packed with 100 g of ZLO. The municipal 
wastewater with the phosphorus concentration of 5.5 mg P/L was percolated through the column in the 
upward direction with the flow rate of 53 mL/min. The operating conditions of the column adsorption 
test were presented in Table 1. The breakthrough curve for phosphorus adsorption onto ZLO column 
was shown in Figure 2. It can be seen from the figure that the breakthrough occurred at 34.5 h while 
exhaustion was achieved at 109.7 h. The dynamic adsorption capacity of ZLO for phosphorus at the 
saturation time was 10.99 mg P/g ZLO, representing 70.34% its equilibrium adsorption capacity. The 
phosphate retention onto ZLO may occur due to electrostatic attraction between phosphate anions in the 
solution and Zr4+ ions onto ZLO surface [34]. 
 
Table 1. The adsorbent and big column properties in the dynamic adsorption test. 
Parameter (Symbol) Unit Value 
ZLO weight (m) g 100 
ZLO bed height (Z) cm 30 
ZLO bed volume (BV) cm3 477 
P initial concentration (Co) mg/L 5.5 
Volumetric flow rate (Q) cm3/min 53 
Superficial velocity (Vs) cm/min 3.33 









Figure 2. Breakthrough curve for phosphorus adsorption from real municipal 
wastewater on ZLO packed bed column at pilot scale (100 g ZLO; bed depth 
of 30 cm, flow rate of 53 mL/min, and influent phosphorus concentration of 
5.5 mg/L). 
 
Desorption test was performed by feeding 0.2 M NaOH solution through the bed in the upward 
direction. According to [35], a high concentration of phosphorus in the effluent could be obtained by 
applying a low flow rate for desorption test. To do that, the desorption test in this study utilized the flow 
rate of 13.24 mL/min, which was much lower than that for adsorption test (53 mL/min) but still ensured 
high desorption efficiency. Desorption profile was shown in Figure 3. As is illustrated by the figure, 
desorption of phosphorus from ZLO column was almost completed within 20 h, after which it was 
marginal. The phosphorus desorption efficiency at 20 h was 72.89%. The total volume and phosphorus 
concentration of the effluent at 20 h were 15.9 L and 50.36 mg/L, respectively. By using exhausted 
desorption, the phosphorus concentration in desorption solution was increased by 9.16 times compared 
to that in the influent. It was interesting to note that though desorption ended at 20 h, more than 80% of 
the eluted phosphorus could be attained by 5 h. The total volume and phosphorus concentration of the 
effluent at 5 h were 3.975 L and 156 mg/L, respectively. At this time, the phosphorus concentration in 
the desorption solution was 28.36 fold higher than that in the raw municipal wastewater. In view of 
phosphorus recovery, a desorption solution with a high concentration of phosphorus is desirable. Hence, 
it is highly recommended to finish desorption by 5 h.  
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Figure 3. Desorption profile of ZLO packed bed column (100 g ZLO, desorption 
solution of 0.2 M NaOH, flow rate of 13.24 mL/min). 
It was observed that it took a shorter time for 5 h eluted ZLO column to get saturated in the next 
adsorption cycle than 20 h eluted ZLO column. This can be attributed to the incomplete desorption of 
the former column. However, the amounts of desorbed phosphorus in these two columns were the same. 
The result proved that incomplete desorption had no significant impact on the next desorption cycles. 
Thus, it can be used as an effective means to achieve an adequately high phosphorus concentration for 
MAP recovery.  
3.2. Phosphorus recovery as MAP from desorption solution 
3.2.1. Characterization of desorption solution. The characterization of desorption solution is necessary 
as co-existing ions and the alkaline of desorption solution may affect the purity of the precipitate, and 
the alkali requirement for pH alteration in MAP crystallization [23]. The phosphorus concentration of 
the desorption solution was 156 mg/L, almost 28.36 times higher than that of raw municipal wastewater. 
Though NH4+ions were present in desorption solution (9.4 mg/L), the NH4+: PO43- molar ratio was still 
very low (1:7.45). It implied that there was a need to use additional source of NH4+ to ensure successful 
MAP crystallization. The existence of Mg2+ (0.9 mg/L) in desorption solution was expected to favor the 
MAP crystallization. Notably, the concentration of Ca2+ was 12.9 mg/L. Nevertheless, the Ca/Mg molar 
ratio when an external source of magnesium was added for MAP crystallization was 0.03. This ratio 
was still lower than the warning level (>0.5) that can impede the MAP crystallization [26]. However, 
due to the presence of Ca2+ in desorption solution, CaSO4 can be formed instead of MAP if (NH4)2SO4 
and MgSO4.7H2O are used for crystallization [15]. This should be taken into consideration when the 
external sources of NH4+ and Mg2+ are selected. The concentration of TSS in desorption solution was 
120 mg/L. This was far too low compared to the limit (1000 mg TSS/L) that may cause a significant 
effect on crystallization of Ostara Pearl® technology [36]. The level of NO3- in desorption solution was 
minor (2.7 mg/L). The Zr4+ ions could not be found in desorption solution. The levels of heavy metals 
in desorption solution were negligible. The pH of desorption solution (12.63) was much higher than that 
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of normal wastewaters (6.5-8.5) used for phosphorus recovery. This may lead to NH3 evaporation and/or 
Mg precipitation when external sources of NH4+ and Mg2+ are added. Therefore, the pH of desorption 
solution should be reduced to below 8 in advance. Overall, high phosphorus concentration was an 
advantage, whereas high pH value can be cited as a drawback when desorption solution was used for 
MAP recovery. 
3.2.2. Factors influencing the MAP recovery. The effect of pH on MAP crystallization was evaluated 
by using different solution pH (9, 9.5, and 10) while maintaining other crystallization conditions 
constant. It was found that the phosphorus recovery efficiency increased from 88.70 to 93.73% when 
pH rose in the range between 9 and 10. On the contrary, the MAP purity was reduced from 91.88 to 
86.87% with the above pH augmentation. These findings are consistent with results reported by [33] 
and [15]. As the difference in the phosphorus recovery efficiency was not significant, and MAP was a 
favorite recovered product, the pH 9 was selected as the optimal pH and used for other crystallization 
experiments. This is supported by [36], who recommended recovering MAP at a lower pH value to 
mitigate the chemical costs. A similar optimal pH (9.0) was applied by [25] for MAP recovery from 
swine biogas digester effluent. 
In order to evaluate the effect of Mg: N: P molar ratio on the MAP formation, three molar ratios 
(1:1:1, 1.5:1.5:1, and 2:2:1) were tested. The increase in the Mg: N: P molar ratio (from 1:1:1 to 2:2:1) 
led to the escalation of the P recovery efficiency (from 51.5 to 95.19%). On the contrary, it resulted in 
a slight reduction in the MAP purity. Especially, it had a considerable effect on the shape and size of 
MAP crystals. While MAP crystals were single and orthorhombic at the Mg: N: P molar ratio of 1:1:1, 
they were mostly aggregate and amorphous at the ratios of 1.5:1.5:1 and 2:2:1. In addition, the MAP 
crystals harvested at the lower molar ratio were longer in size (30-40 µm) than those obtained at the 
higher molar ratios (10-20 µm). Though the Mg: N: P molar ratio of 1:1:1 resulted in the highest MAP 
purity, the P recovery efficiency (51.5%) was far too low for any practical application. The MAP purity 
obtained at two remaining Mg: N: P molar ratios were quite similar (92.59% and 98.63%). However, 
the P recovery efficiency at the 2:2:1 molar ratio (95.19%) was much higher than that at the 1.5:1.5:1 
molar ratio (88.69%). For these reasons, 2:2:1 was selected as the optimal molar ratio for MAP 
crystallization. The Mg: P molar ratio greater than 1:1 has been also used by many researchers, such as 
1.4:1 [26], 2.0:1 [37] and 4.2:1 [38]. 
This study evaluated the effect of using two chemical combinations, which were NH4Cl + 
MgCl2.6H2O and (NH4)2SO4 + MgSO4.7H2O, on MAP synthesis. It was found that the P recovery 
efficiency was decreased from 94.87 to 91.64% when the combination of (NH4)2SO4 + MgSO4.7H2O 
was replaced by NH4Cl + MgCl2.6H2O. Moreover, the MAP purity when applying NH4Cl + 
MgCl2.6H2O (81.97%) was higher than that of (NH4)2SO4 + MgSO4.7H2O (77.79%). This can be 
explained by the fact that Ca2+ in desorption solution may react with SO42- to form CaSO4 as impurities. 
Additionally, the majority of MAP crystals had the same size, which averaged between 20 and 25 µm 
when NH4Cl and MgCl2.6H2O was used. In contrast, the size of MAP crystals varied in a wider range 
from 5 to 35 µm when (NH4)2SO4 + MgSO4.7H2O applied. Apparently, the combination of NH4Cl + 
MgCl2.6H2O exhibited the better performance when compared to (NH4)2SO4 + MgSO4.7H2O. These 
results are consistent with those reported by [39]. 
The reaction temperature can affect the MAP crystallization through the MAP components activity 
and MAP crystals solubility [39]. This study investigated the difference in MAP crystallization when 
two different reaction temperatures were applied. It was observed that when the reaction temperature 
was augmented from 281 to 295 K, the P recovery efficiency and the MAP purity were reduced by 
10.84% and 0.62%, respectively. The increase in reaction temperature slightly reduced the size of MAP 
crystals. This can be ascribed to a higher solubility product of MAP crystals at a greater temperature 
[40]. Similar observations were reported by [39]. However, in view of practical application, the room 
temperature (295 K) was selected as the ideal temperature for MAP crystallization. 
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Considering the P removal efficiency, MAP purity and practical applicability, the best condition for 
MAP crystallization was the solution pH of 9, the Mg: N: P molar ratio of 2:2:1, reaction temperature 
of 295 K, agitation speed = 120 rpm, and a chemical combination of MgCl2.6H2O and NH4Cl.  
3.2.3. Precipitate evaluation. The precipitate attained at the optimal condition was characterized by 
element, XRD, SEM, FTIR, and P-bioavailability analyses. 
The main components of the harvested precipitate were determined by dissolution method followed 
by elemental analysis. The percentage by weight of P, Mg, and N in the recovered MAP were 11.96%, 
9.07% and 5.48%, respectively. These values were quite similar to those for the standard MAP (Sigma), 
which were 12.65%, 9.80%, and 5.71%, correspondingly. The results confirmed that the MAP recovered 
from desorption solution had a high purity.  According to [6], phosphate ores can be classified as low 
grade (up to 3 wt. % P), intermediate - grade (4-5 wt. % P), and high-grade (6-8 wt. % P). The recovered 
precipitate had 12.19 wt. % P, and thus can be placed among high-grade phosphate ores. The contents 
of Cu, Zn, Pb, Cd, Cr, and Ni in the reclaimed MAP were 5, 11, 3, 0.1, 1, and 1 ppm while the German 
legal limits were 70, 1000, 150, 1.5, 2, and 80 ppm, respectively. The comparison shows that the 
recovered MAP had a high purity.  
XRD patterns of the recovered precipitate and the standard MAP are illustrated in Figure 4. As the 
figure shows, the XRD pattern of the harvested precipitate almost coincided with that of the standard 
MAP, (MgNH4PO4.6H2O), with respect to the position and intensity of the peaks. The result verifies 
that the obtained precipitate is mainly MAP crystals. A minor difference in the peak intensity between 
these two XRD patterns can be attributed to the presence of impurities in trivial quantities. Similar 
locations of the peaks of the recovered MAP were observed by [29], [39]. 
 
Figure 4. XRD pattern of MAP recovered from phosphorus desorption solution at the optimal 
crystallization condition. 
The morphology of the recovered precipitate was displayed in Figure 5. It can be seen from the figure 
that the settled solids were orthorhombic crystals with a white color and an average length of 40 µm. In 
the previous studies, the MAP crystals were found to have orthorhombic, needle-like, and quasi-
spherical structures [23].  The average size of MAP crystals varied from 0.25 to 80 µm [39], [41]. The 
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comparison with earlier studies shows that the recovered precipitate had the typical shape and the 
medium size of MAP crystals.  
 
 
Figure 5. SEM image of MAP recovered from phosphorus desorption solution (pH = 9, Mg: N: P molar 
ratio = 2:2:1, initial phosphorus concentration = 156 mg/L, stirring speed = 120 rpm, reaction 
temperature = 295 K). 
The FTIR pattern of the reclaimed precipitate was recorded on an IRAffinity-1 FTIR, Shimadzu 
Corporation (Japan). The peak at 2889.49cm-1 represents O-H (very broad) in carboxylic acids and 
derivatives. The peak at 2343.61 cm-1 arises from phosphorus functions (P-H phosphine, med & shp). 
A broad band in the range between 1595.2 and 1581.7cm-1 can be assigned to NH2 scissoring (1o amines) 
in amines. The band at 1437.03 cm-1 suggests the presence of C-O-H bending in carboxylic acids and 
derivatives. The peak at 987.6 cm-1 is attributed to the P-H phosphine (P-H pending) in phosphorus 
functions. The bands seen over the range of 885.36-750.34 cm-1 correspond to NH2 and N-H wagging 
(shifts on H-bonding) in amines. Similar adsorption bands have been observed by [15], and [29] for 
MAP recovered from different types of wastewater. Based on the obtained IR data, it is confirmed that 
PO4 and NH4 are main components of the recovered precipitate. 
In this study, MAP purity was determined according to the minimum molar number of MAP 
components. Accordingly, 2.48 g of the precipitate recovered at the optimal crystallization condition 
was dissolved with 1 L of milli-q water. The millimolar numbers of P, Mg, and N were calculated to be 
9.58, 9.38, and 9.72, respectively. Thus, the millimolar number of MAP was 9.38, and the percentage 
of MAP in the precipitate was 92.59%. 
The bioavailability of the recovered precipitate is evidenced by its solubility in 2% citric acid [10]. 
It was found that the citric acid solubility of the harvested precipitate was approximately 89% by mass. 
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A similar P-bioavailability (94%) was reported by [42] for the MAP recovered from sewage sludge ash. 
Due to high purity, high P-availability and low contents of heavy metals, the recovered MAP can be 
used as a high-quality fertilizer. 
4. Conclusions 
Although the phosphorus recovery as MAP from municipal wastewater has a great potential, it remains 
a challenge. This work aims at recovering MAP from municipal wastewater by means of adsorption 
combined with crystallization. The main concluding remarks were drawn from this work as follows:  
• A semi pilot-scale ZLO column could pre-concentrate phosphorus from municipal wastewater 
more than 28 times, providing a sufficiently high phosphorus concentration for MAP recovery.  
• The MAP crystallization from phosphorus desorption solution was most favored at the following 
operating conditions: pH = 9, Mg: N: P molar ratio = 2:2:1, the chemical combination of 
MgCl2.6H2O and NH4Cl, and room temperature. 
• The results of XRD, SEM, FTIR, elemental analyses verified that the optimum crystallization 
conditions resulted in high-quality MAP crystals, with the MAP purity of 92.59%, and the P-
availability of 89% by mass. Overall, the combination between adsorption onto ZLO and 
crystallization as MAP can be a good solution for the phosphorus recovery from municipal 
wastewater.  
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